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Effects of anomalous scattering on the invariant phases + associated with multiple diffraction are investi-
gated through the alteration of the asymmetry of diffraction lines near the E absorption edges h. k for a non-
centrosymmetric crystal. The alteration is found to occur when the x-ray wavelength ~ is varied across the
absorption edges. It is sho~n that the alteration of asymmetry is governed by the sign of cos%" for small
efTects of anomalous scattering, and by the sign of sin + for large effects.
Resonance is a common phenomenon often encountered
in many branches of physical research. It occurs when the
frequency to (or wavelength A, ) of an external field ap-
proaches the characteristic frequencies tos (or ii, k) of a phys-
ical system. In the case of x-ray scattering by atoms, one of
the most notable effects of this kind is anomalous disper-
sion which modifies atomic scattering factors f to become
markedly dependent on frequency co for co = co&.'
The phase shift 8 resulting from the increase of the ima-
ginary part f" of f and the decrease of the real part f near
cok has been, and is still, a great concern in x-ray diffraction
(two-beam Bragg diffraction) for the study of the structure
of matter. 2 The influence of anomalous scattering on two-
beam Bragg diffraction is well understood and is considered
to be directly related to the modification of the structure
factor I'0 of a given individual reflection H.
In contrast to simple two-beam diffraction, multiple dif-
fraction occurs when several sets of atomic planes are
simultaneously brought into position to diffract an incident
beam. The diffraction, therefore, involves the products of
several structure-factor amplitudes and invariant phases (the
structure invariants). s The latter are independent of the
choice of the origin of the crystal unit cell, Recent re-
ports4 9 have shown that the asymmetry of the tails of
multiple-diffraction intensity profiles depends on these
phase invariants, 3 ' and that analyzing this asymmetry can
be used for reflection phase determination when the
crystal-lattice rotation is considered.
In principle, the phase shift caused by anomalous scatter-
ing should affect the invariant phases considerably and
therefore alter the multiple-diffraction profiles for co=uk.
This effect is expected to be very pronounced for noncen-
trosymmetric crystals for which the imaginary parts of the
structure factors of some reflections are dominant terms.
Yet, direct unambiguous experimental evidence sho~ing
this effect has not been found so far in the literature.
In this Brief Report, I present the experimental results of
multiple diffraction from a noncentrosymmetric crystal, ob-
tained by using synchrotron radiation near the E absorption
edges. These results provide the first direct evidence of
how the sine and cosine of the invariant phases affect the
multiple-diffraction profiles for noncentrosymmetric crys-
tals. The dynamical theory of x-ray diffraction' "was em-
ployed to interpret the experimental results.
The multiple-diffraction experiment was carried out with
the five-circle single-crystal diffractometer at Hambur-
ger Synchrotronstrahlungslabor (HASYLAB) in Deutsches
Eiektronen-Synchrotron (DESY), West Germany. The
DORIS (Doppel-Ring Speicheranlage) II storage ring was
operated at 5 GeV and 20-40 mA. The experimental setup
was the one reported in Ref. 12. It consisted of a (111)-cut
germanium (+, —) double-crystal monochromator for
wavelength tuning, a scintillation counter to monitor the
fluctuation of.the incident intensity via Compton scattering,
and a computer-controlled diffractometer. The beam diver-
gence was about 2 mrad. A (ill)-cut GaAs single crystal
(noncentrosymmetric) was used as the sample. Since the
K-absorption edges of arsenic and gallium are kk(As)
1.0450 A and Xk (Ga) = 1.1958 A, the wavelengths
1.0010 A, X2- 1.1236 A, and A3 = 1.2540 A near the E
edges were selected by tuning the monochromator. The
precision of the wavelength measurement was one part in
five thousand, as measured in A.
The GaAs crystal was aligned for the (222) reflection (the
primary reflection Hi) with a fine adjustment made by a
computer-programmed "centering" process. The crystal
was then rotated around the reciprocal-lattice vector Hl of
the (222) reflection (the PSI rotation) by a step-scan
mechanism (0.006' per step and 2 sec in counting), so as to
bring, simultaneously, other sets of atomic planes (the
secondary reflection planes Hi) into Bragg diffraction posi-
tion. In terms of the geometry of reciprocal lattice, the PSI
rotation brings the reciprocal-lattice point H2 onto the sur-
face of the Ewald sphere, thus, multiple diffraction occurs.
During the rotation there are two positions for the point 82
to touch the surface of the Ewald sphere, the entering (IN)
and leaving (OUT) positions. 's The distinction between the
IN and OUT situations was made by the experimental pro-
cedure given in Ref. 14.
The interaction of the multiply diffracted beams gave rise
to intensity variations in the primary (222) reflected beam.
The variations were detected by a scintillation counter and
recorded in a strip chart. The crystal was recentered
(aligned) after every 0.9' scan to avoid misalignment due to
the fluctuation of the positions of the x-ray beam and the
crystal. Figure 1 shows the multiple-diffraction line profiles
near the tails for two three-beam cases: (A) (000), (222),
(113)/(ill) and (B) (000), (222), (115)/(113) for A. i, A. 2,
and A. 3. They are labeled as A1, A2, A3 and B1, B2, 83,
respectively. (000) and (222) are the incident and the pri-
mary Hi reflections; (113) and (115) are the respective
secondary 82 reflections. The indices after the slashes indi-
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FIG. l. Experimental (stepwlse solid curves) and theoretical
(dotted curves) line profiles of multiple diffraction for cases A and
B (the direction of recording is from the right to the left).
cate the coupling reflection Hi-02. The profiles were ob-
tained at the IN positions, which are listed in Table I in
terms of the azimuthal angle qh ($-0 when [110) the vec-
tor coincides with the plane of incidence of the (222) reflec-
tion). In 81 and 83, there are two adjacent three-beam
cases, (000), (222), (1T7)/(135) (IN) and (000), (222),
(135)/ (353) (IN), close to the main peaks, respectively.
The asymmetries of the intensity profiles are clearly visi-
ble, even for 81 and 83, in which the accompaning peaks
influence the profiles. The alteration in profile asymmetry
near the tails is seen in pairs (Al, A2), (81,82), (A1,81),
and (A2, 82). However, there is no reversal in asymmetry
for (A3,83).
As has been pointed out in Ref. 9, in off-edge multiple
diffractions, the alteration of profile asymmetry depends on
the invariant phases
++ = +-Hi + +H2+ +Hi-H2 +—= +Hi + +-H2+ +H2-Hi
and the imaginary part F," of the structure factor of the
(000) reflection. F," is directly related to anomalous scatter-
ing. This argument is equally applicable to near-edge dif-
fraction. In the present cases, F," is 25.81, 16.08, and S.04
electrons for Xi, X2, and P~, respectively. The invariant
phases 4+ and 4 are also listed in Table I. Both F," and
9' g are calculated from the interpolated values of f' and f"
given in Ref. 15. The phase difference between cases A
and 8, ranging from 160' and 180, indicates that cases A
and 8 are almost out of phase with each other. For either
case A or 8, phase changes of about 110' and 60' occur
when X is varied from &i across ) k(As) to )i.2 and from A. 2
across Xk(Ga) to )~.3, respectively. Comparing Table I with
Fig. 1, the alteration in profile asymmetry between cases A
and 8 takes place according to the alteration in the sign of
sin%+ (or sinO ) for h. i and )2 [&Xk(Ga)]. The corre-
sponding F," have relatively large values. Such an alteration
in asymmetry is, however, not observed for
[ & Xk(Ga) ]. The profile asymmetry for X3 depends on the
sign of cosV+ (or cos'p ). This is similar to the profile
asymmetry for centrosymmetric cases. 6 These facts are in
qualitative agreement with the theoretical prediction given
in Ref. 9, derived from the two-beam approximation for
three-beam diffraction. '
More rigorously, a numerical calculation procedure3 based
on the classical plane-wave dynamical theory' " was em-
ployed to provide relatively precise line profiles for the sing-
ly polarized (ir-polarized) incident beam. Corrections for
anomalous scattering and temperature on the atomic scatter-
ing factors were included.
The multiply diffracted intensity is a function of i)$ and
58, the angular deviations from the exact multiple-
diffraction position Q and from the exact Bragg angle 8 of
the primary reflection, respectively. ' For the qualitative
analysis, the integrated intensity I222 of the (222) reflection
over 2 mrad in 48 was calculated for cases A and 8 in the
vicinity of the peak positions.
The accompanied peaks in 81 and 83 were considered in
the calculation. Figure 2 shows the calculated I222 against
hqh. The profile asymmetry is in qualitative agreement with
the experimental ones, except that the profile asymmetry is
much sharper in the calculation. [Because of the limited
space, the calculated profiles of the two accompanied reflec-
tions, (1T7) and (135), in 81 and 83 of Fig. 1, having,
respectively, the same asymmetries as the case 8 and case
A, are not shown in Fig. 2.] The asymmetry sharpness was
smeared to a moderate degree when the additional integra-
tion over 2 mrad in hqh was employed. This integrated in-
tensity I, vs hqh, which can be compared quantitatively with
the experimental line profiles, is shown in Fig. 1. Only the
parts near the tails are shown so the experimental lines are
not confused. The I& agrees with the experimental profiles.
Small deviations can be seen. They are probably due to the
inaccuracy in the interpolated f" and f' values in the in-
tegration.
From the above discussion, the relationship between the
line profile asymmetry, the crystal-lattice rotation, and the
invariant phases can be described by the equation,
sgn(sin'P+ ) = SLS~
TABLE I. The peak positions qh and calculated phases %'+ and 'P for cases A and B.
A2 A3 81 82
3.27'
—82'
3.72'
—152
24'
4.20'
86'
21.73'
—77'
90
24.90'
27'
-149'
28.45'
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FIG. 2. Calculated integrated intensity 1222 over h8 of the multi-
ple diffractions in cases A and B.
is fulfilled. SL, has the same meaning as in (1). Sn is posi-
tive for the asymmetry appearing in A3 and negative for the
reversal. Equation (2) is the sign relation given in Ref. 6
for centrosymmetric crystals for which 'LI'+ 4 -0' or
180'. When %'+ varies from 0' (or 180') toward 90 (or
270') the line profile asymmetry becomes less asymmetric. '
This is proven experimentally here for the cases A3 and B3.
In comparison with the cases of centrosymmetric crys-
tals~ and of off-edge diffractions in noncentrosymmetric
crystals, 9 Eqs. (1) and (2) serve as the relations to describe
appropriately the reflection phases and the asymmetry of
diffraction line profiles. Tests were given for 35 multiple
diffractions. Consistent results with (1) and (2) were ob-
tained.
In conclusion, I have shown experimental evidence of the
effects of anomalous scattering on the multiple diffraction
of x rays near the absorption edges for a noncentrosym-
metric crystal. The result drawn from this work may be
used as an alternative method of determining reflection
phases for noncentrosymmetric crystals.
for the cases with strong anomalous scattering effects
[X ( J a(Ga) ]. Sz is the sign determined from the line pro-
file asymmetry. Sz is positive for the asymmetry of Al
(i.e., the intensity of the left tail decreases more slowly than
the right tail) and is negative for the reversed asymmetry
(Bl). Sit is the sign of the crystal rotation. Sit is positive
for the IN position and negative for the OUT position. For
the cases with small anomalous scattering effects,
}~s & its(Ga), the real parts of structure factors are dom-
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